ABSTRACT The effectiveness of the variable speed limit (VSL) control is affected by the deployment locations of VSL signs. In this paper, a procedure was proposed to help determine the deployment location of VSL signs to reduce collision risks at freeway recurrent bottlenecks. The procedure is started from determining the hazardous recurrent bottleneck section by constructing the profile of the collision risks. The length of the hazardous section was determined according to the pre-selected threshold of crash risks. Various scenarios were considered for different lengths of VSL controlled sections with various densities of VSL signs. A modified cell transmission model (CTM) was used for modeling the traffic flow at the freeway bottlenecks under the VSL control. The VSL control factors were optimized by using the genetic algorithm. The safety effects of VSL were greatly affected by the placement of VSL signs. In general, the scenario with a longer VSL controlled section and more speed limit signs was more effective in reducing rear-end collision risks. The cost-benefit analyses showed that the placement of VSL signs in scenario C2 with the controlled section length of 11.7 mi and average VSL density of 1.0 mi had the best benefit/cost effect. Using 12 VSL signs, the collision risks were reduced by 69.16% and the total travel time was increased slightly by 7.73%. The procedure can help determine the optimal deployment of VSL signs on freeways, considering both the safety benefits and the cost.
I. INTRODUCTION
Variable speed limit (VSL) control has been used increasingly as a proactive approach to improve safety on freeway mainlines. The central idea is to make an intervention to the hazardous traffic flow state by adjusting the speed limits posted on VSL signs to reduce collision risks. The hazardous traffic flow state is identified using a crash risk model that connects the risks of crash occurrences to dynamic traffic flow parameters. A number of factors may affect the effectiveness of VSL control. One of the factors is the spacing between loop detector stations and VSL signs. It can be expected that the deployment locations of loop detector stations affect not
The associate editor coordinating the review of this manuscript and approving it for publication was Muhammad Awais Javed.
only the effectiveness of VSL control, but also the overall cost associated with the VSL system.
Several studies have evaluated how the placement of loop detectors affects the prediction accuracy of crash risk models [1] , [2] . Previous studies suggested that with an average spacing of 0.47 miles (750 m) between loop detectors preferable predictive performance of crash risk models can be achieved [2] . However, until recently, no studies have evaluated how the placement of VSL signs affects the effectiveness of VSL control in reducing crash risks. In previous studies, the locations of VSL signs on freeways were assumed to be pre-determined. The average spacing between VSL signs ranged from 0.31 (500 m) to 0.5 miles [3] - [7] . For the VSL system that has been applied in the real world, the average spacing between VSL signs varies between 0.5 to 3 miles [8] . It is not sure if such design configuration could guarantee the optimum system performance.
In our previous study, a VSL control strategy that aimed at reducing the risks of rear-end collisions caused by the propagation of kinematic waves at freeway recurrent bottlenecks was proposed [9] . The VSL signs were placed together with the loop detector stations in the section upstream of the recurrent bottleneck with a spacing of 0.5 miles. A genetic algorithm (GA) procedure was applied to optimize the critical control factors.
The primary objective of this study was to propose a procedure for determining the deployment locations of VSL signs at freeway recurrent bottlenecks. The system performance of VSL control was determined by taking into account both the impacts on crash risks and the costs associated with the use of VSL signs. A freeway corridor with several recurrent bottlenecks was selected. It has been widely recognized that the freeway sections with recurrent bottlenecks are usually associated with high risks of collisions due to the unstable traffic situations [10] - [14] . Various scenarios considering different placements of VSL signs were evaluated using a modified cell transmission model (CTM). The benefit-cost analyses were than conducted to compare the system performance between different scenarios.
II. PROCEDURE FOR DETERMINING LOCATIONS OF VSL SIGNS
A procedure is proposed to help determine the locations of VSL signs in a VSL system that aims at reducing crash risks at freeway recurrent bottlenecks. The procedure is illustrated in Figure 1 . The first step is to identify the hazardous freeway section where VSL control needs to be applied. In this stage, with the high-resolution dynamic traffic flow data provided by loop detector stations, crash risk models can be used to estimate the risks of crashes at a freeway section. Note that various types of crash risk models have been developed by previous studies [12] , [15] - [17] .
The crash risk model can be used to evaluate the risks of crashes in the link i using the real-time traffic flow data collected by the upstream loop detector station i and the downstream loop detector station i+1 (see Figure 2 (a) ). The crash risk is calculated for every link, and the moving average technique is applied to create a smooth crash risk profile for accident black spot identification [18] (see Figure 2 (b)). A threshold of crash risk can be specified in the crash risk profile to help determine hazardous freeway segment. More specifically, the freeway segment that is composed of the links with the crash risks higher than the threshold can be considered the hazardous segment (see Figure 2 (c)).
Theoretically, the VSL controlled section should be able to cover the hazardous freeway segment that is mainly determine based on the crash risk threshold. However, to determine the exact length of a VSL controlled section one should also take into account the maneuvering space for drivers to decelerate or accelerate vehicle speeds before they reach the downstream hazardous freeway segment. Thus, the length of a VSL controlled section needs to be optimized. After the VSL controlled section is determined, the VSL signs are usually placed right next to loop detector stations [3] - [6] , [8] . In this condition, the number of VSL signs equals the total number of loop detector stations (see S1 in Figure 2(d) ). The VSL signs can also be spaced less densely without greatly reducing the effectiveness of VSL control (see S2 in Figure 2(d) ). The optimal density of VSL signs needs to be determined by taking into account both the performance and the costs associated with the VSL system. An example is given in subsequent sections to illustrate how to determine the deployment locations of VSL signs on a real freeway section.
III. STUDY SITE
The study site considered in this study is a 30-mile freeway section on the Interstate 880 highway in the state of California, United States, connecting two large cities in the Bay Area which are the Oakland and the San Jose. The selected freeway section contains several recurrent bottlenecks which typically activate during peak periods. The freeway section is equipped with inductive loop detectors installed in all travel lanes. The spacing between loop detector stations ranges from 0.25 to 0.64 miles (0.42-1.02 km) with an average of 0.5 miles (0.8 km). The density of loop detector stations at the selected sites can be considered appropriate for estimating collision risks [1] , [2] . Dynamic traffic flow data were obtained from the Freeway Performance Measurement System (PeMS). The data obtained from the PeMS include the average speed, flow, and occupancy measured in 30-s time intervals at all loop detector stations on the selected freeway section.
IV. EXPERIMENTAL DESIGN
A modified CTM was used for modeling the traffic flow at the freeway bottlenecks under the VSL control. The CTM is a mesoscopic simulation approach that was proposed on the basis of the kinematic wave theory [19] . By dividing freeway into sub-sections, i.e., cells, the CTM predicts the traffic flow characteristics within each cell by evaluating the flow and density at a finite number of intermediate points.
Several modifications were made such that the CTM can be used for modeling freeway traffic flow with the influence of VSL control, and for simulating the capacity drop and stop-and-go traffic. Details of the modified CTM and the model calibration process can be found in [9] . Details of the modified CTM and the model calibration process are given in Appendix A.
To identify the hazardous recurrent bottleneck areas at the study site, traffic data on five randomly selected weekdays were extracted. The crash risk model developed in our previous study was used to calculate crash risks [17] . The crash risk model was specifically developed to evaluate the rear-end crash risks associated with the propagation of kinematic waves emanating from recurrent bottlenecks. Note that rear-end collisions account for more than 75% of crashes at freeway bottlenecks [17] . The profile of the calculated average crash risks per 5 min on the selected freeway section is shown in Figure 3 (a). It can be easily identified that different freeway sections are associated with different levels of crash risks.
The bottleneck is approximately located between the milepost 15.0 and 27.0 (see Figure 3 (b)). Three thresholds of collision risks, ranging from 0.043 to 0.051, were considered for determining the length of the VSL controlled section (see Table 1 ). The section length varied from 2.2 to 11.7 miles. When the threshold was set to be 0.051 (see TH1 in Figure 3 (a)), the VSL controlled section was relatively short. When the threshold was set to be 0.048 (see TH2 in Figure 3 (a)), two separate sections were considered for implementing the VSL control. When the threshold was set to be 0.043 (see TH3 in Figure 3 (a)), a continuous section ranging between the milepost 14.8 to 26.5 was considered for the implementation of VSL control. Different densities of VSL signs were also considered when the effectiveness of VSL control was evaluated (see Table 1 ). For example, in the scenario A1, five VSL signs were placed within the VSL controlled section with an average density of 0.4 miles. The basic logic of VSL control is to gradually reduce the speed limits posted on VSL signs installed in the VSL controlled section until a target speed limit is achieved [9] . The upstream vehicles then reduce speeds before they reach the backward moving kinematic waves. The VSL control is initiated when the crash likelihood estimated from the crash risk model exceeds a pre-specified value. In addition to the locations of VSL signs, several other control factors also affect the effectiveness of VSL control: (1) the start-up threshold of collision likelihood; (2) the target speed limit; (3) the rate at which the speed limit is changed; and (4) the speed difference between adjacent VSL signs. A genetic algorithm (GA) that was developed in our previous study was used for the optimization of control factors [9] , see Appendix B.
V. RESULTS OF SIMULATION ANALYSIS A. OPTIMIZING CONTROL EFFECTS
The duration of simulation was set to be 3.5 hours with a 30-min warm up period. Traffic congestion was produced according to the actual situations on the freeway section. The GA procedure mentioned above was followed to determine the optimal control factors of VSL. The weight coefficient α was set to be 0.5 considering equal importance for safety and efficiency.
The optimal control factors and control effects for the nine scenarios were summarized in Table 2 . For example, for the scenario A1, the optimal start-up threshold of collision likelihood was 0.1. The target speed limit in each VSL sign was 35 mph. The speed change rate was set to be 20 mph per 30 s. That is, the speed limits should be changed by 20 mph per 30 s. The maximum difference in speed limits between adjacent VSL signs should be 5 mph. With the optimal VSL control factors, the average collision risk in the whole freeway section was reduced by 16.45%. The system travel time was only slightly increased by 0.57%.
The safety effects of the VSL control in different scenarios are shown in Figure 4 (a). The placement of VSL signs in the scenario C2 had the best safety performance in reducing collision risks, followed by the scenario C1 and B1. In scenario A3 the VSL control performed the worse in terms of reducing collision risks. The reduction in collision risks varies from 5.19% to 69.16%, indicating that the VSL control successfully reduces the rear-end collision potentials within the VSL controlled section. It was also found that the proposed VSL control strategies only slightly increased system travel time. A possible explanation is that the VSL control only reduced vehicle speeds in vicinity of kinematic waves.
B. RESULTS OF COST-BENEFIT ANALYSES
Cost-benefit analysis is a systematic process for calculating and comparing the benefits and costs of a project, decision or government policy [20] . The above sections show that the deployment locations of VSL signs greatly affect the effectiveness of VSL control in reducing crash risks. In this section, two methods are proposed for determining the optimum deployments of VSL signs through costbenefit analyses, including the simple ranking method and the benefit-cost diagram method. With the simple ranking method, the deployments of VSL signs are ranked according to the benefit-cost ratio, which is defined as:
where safety represents the safety effect (calculated by the percentage of reduction in crash risks) of the optimal VSL control in scenario i, and N is the number of VSL signs in VOLUME 7, 2019 scenario i. Note that the cost-benefit analysis should consider other costs such as communication, management, etc., and as such the cost is not necessarily proportional to the number of VSL signs. Here we consider the VSL sign number as a typical example showing how to perform the cost-benefit evaluation.
The results of cost-benefit analyses based on the simulation results are shown in Figure 4 (b). It was found the deployment of VSL signs in the scenario C2 had the largest benefit/cost ratio, followed by the scenario C3 and A2. Even though the scenario C1 had the best safety performance, the benefit-cost ratio associated with scenario C1 was the lowest.
With the second method, the placements of VSL signs are selected using the benefit-cost diagram. As shown in Figure 4 (c). The whole area was divided into four sub-areas, including the strongly acceptable area, the acceptable area, the unacceptable area, and the strongly unacceptable area. Eight scenarios were plotted into different areas according to their benefits (i.e., reduction in crash risks) and costs (i.e., number of VSL signs). It can be identified from the figure that the scenario C2 fell into the strongly acceptable area, indicating the fact that the placement of VSL signs in the scenario C2 should be considered with the highest priority.
Each cost-benefit analysis method has advantages and disadvantages. The advantage of the first method is that the ranking of optimal scenarios is very clear which can give straightforward suggestions for transportation engineers for scenario selection [21] . The disadvantage of the first method is that it cannot distinguish the scenarios with different benefits and costs but the same cost-benefit ratio. The advantage of the second method is that it can distinguish each scenario clearly by positing its location in the cost benefit spatial area. However, this method does not give clear scenario ranking information to users. Local engineers can decide which method to use according to their practical needs.
VI. DISCUSSION AND CONCLUSIONS
A procedure was proposed to help determine the deployment locations of VSL signs to reduce the risks of rear-end collisions at freeway recurrent bottlenecks. The procedure started from determining the hazardous recurrent bottleneck sections according to the crash risk profiles. Various scenarios with different lengths of VSL controlled sections and densities of VSL signs were evaluated. The CTM was modified to model the traffic operations at recurrent bottlenecks under the VSL control. The GA procedure was followed for optimizing the critical control factors in each scenario. Two cost-benefit analysis methods were proposed for determining the optimum deployments of VSL signs.
The results showed that the safety effects of VSL were greatly affected by the placement of VSL signs. In general the scenario with a longer VSL controlled section and more speed limit signs was more effectiveness in reducing rear-end collision risks. The results of the cost-benefit analyses showed that the placement of VSL signs in scenario C2 had the best benefit/cost effect. The optimal control strategy in scenario C2 was to use 0.1 for the start-up threshold, 30 mph for the target speed limit, 10 mph per 30 s for the speed change rate, and 5 mph for the speed difference between adjacent VSL signs. Using 12 VSL signs the collision risks were reduced by 69.16% and the total travel time was increased slightly by 7.73%.
Findings of this study could provide freeway agencies with useful information for determining the placement of VSL signs to improve safety near freeway recurrent bottlenecks. The study suggested that the VSL signs could be deployed with a moderate density (with a spacing of 1 to 2 miles) to reduce the collision risks near freeway recurrent bottlenecks. The study also suggested that for the continuous bottleneck area, it would be better to consider the overall area as one VSL controlled section to deploy VSL signs. For other freeway sections or large freeway networks, the same procedure can be followed to determine the appropriate placement of VSL signs for improving safety on freeways.
This study used the CTM to simulate the macroscopic traffic flow features near freeway bottlenecks. One of the reasons for selecting the CTM lied in the fact that the decision of VSL control is usually made on the basis of aggregated traffic data from inductive loop detectors. Previously, several researchers used microscopic simulation models to evaluate the safety impact of various VSL strategies [3] - [7] . Microscopic simulation models have the advantage of capturing individual vehicle movements. Thus, they can be considered in our future studies to validate and compare the findings.
APPENDIX A DEVELOPMENT OF SIMULATION MODEL
A modified CTM was used for modeling the traffic flow at the freeway bottlenecks under the VSL control. The CTM is a mesoscopic simulation approach that was proposed on the basis of the kinematic wave theory [19] . By dividing freeway into sub-sections, i.e., cells, the CTM predicts the traffic flow characteristics within each cell by evaluating the flow and density at a finite number of intermediate points. Traffic in a cell operates according to the fundamental diagram that can be approximated by a triangular shape. The left slope of the fundamental diagram represents the free-flow traffic states, while the right slope represents the congested traffic state (see Figure A) . The slopes of the two sides and the apex of the triangle are the parameters in the CTM that need to be calibrated. Several modifications were made to the fundamental diagram such that the CTM can be used for modeling freeway traffic flow with the influence of VSL control. The sending function represents the vehicles that can supply to the downstream cell i+1 with a flow rate of σ i (k), where k represents the time step. The receiving function represents the available space in cell i which determines how many vehicles can enter cell i from the upstream cell i-1 with a flow rate of δ i (k). With the control of VSL, the sending and receiving functions are determined by the reduced speed limit VSL:
where d i (k) is the density at cell i at time k, n i is the number of lanes, QVSL is the maximum flow rate under current speed limit, w i is the speed of kinematic wave, and d i,jam is the jam density. The flow rate in a cell can be determined as the minimum value of the sending and receiving functions.
The discharge flow at an active bottleneck drops below the bottleneck capacity after congestion forms at the bottleneck [21] - [23] . To simulate the capacity drop at the bottleneck, it was assumed that the bottleneck cell was characterized by an inverse λ-shaped fundamental diagram (see Figure A (b) ). The sending function with capacity drop can be determined by:
where Q C is the capacity of the bottleneck (veh/h) and Q d is the maximum discharge flow rate (veh/h) after capacity drop. Traditional CTM is not able to generate the stop-and-go traffic. Traffic congestion in the traditional CTM is much smoother than that in the reality. The stochastic component is introduced in the CTM to generate variation in traffic flow that can be observed in real world [24] , [25] . In the stochastic CTM, the receiving function for the bottleneck cell was determined by
where e s (k) is the stochastic component at time k, e r (k) is the generated random noise at time k, and is the parameter which determines the magnitude of the stop-and-go wave.
A stop-and-go wave was generated according to the probability threshold, which is given by:
where r d (k) is random number within [0, 1], P TH is the probability threshold, and V TH is the speed threshold to determine if the traffic is congested (which is 25 mph in our study). After the stop-and-go waves are generated, those waves propagate towards upstream sections at relatively constant speeds. The calibration of the parameter and P TH was presented in later sections.
To reproduce the actual traffic flow characteristics near the bottleneck areas, the fundamental diagram in the CTM needs to be calibrated. Four traffic flow parameters, including the free flow speed (v f ), the capacity flow (q c ), the discharge flow rate after capacity drop (q d ), and the speed of kinematic wave (v w ) were calibrated. Two parameters need to be determined to calibrate the stop-and-go traffic in the CTM, including and P TH . The objective of calibration is to generate the same magnitude of speed variation in the stop-and-go traffic.
The crucial parameters in the CTM were calibrated using the traffic data collected from the selected sites. The free-flow speed was set to be 65 mph. The capacity of the freeway mainline before capacity drop was found to be 1900 veh/h/ln.
The magnitude of capacity drop was found to be 6.7%. By monitoring the changes of traffic states at the loop detector stations located upstream of the active bottleneck, the speed of the kinematic wave was estimated to be 12 mph [26] . The analysis showed that the speed variation in the stopand-go traffic in the CTM simulation was reasonably close to the filed measurement when the parameter was set to be 0.25 and PTH was set to be 0.1. The simulated and observed speed and flow data are compared and the overall accuracy is about 12.4%.
The length of each cell was set to be 0.1 mile. Because the free-flow speed was 65 mph, the simulation time step was 5.54 seconds. The cells where loop detectors located were identified in the CTM. The traffic information in each time step was recorded to calculate the average traffic parameters in 30 s. The data were further aggregated to calculate the 5-min traffic flow parameters that were used in the crash risk prediction models.
APPENDIX B
The GA is a heuristic algorithm that generates solutions to optimization and search problems. The optimization objective in the GA was determined by a fitness function. In this study, the control strategy that effectively reduced the crash risks without significantly increasing travel time was considered the optimum. The fitness function was given by:
where a is the weight coefficient that makes a balance between the reduction in collision potential and the increase in travel time, R VSL is the collision potential with the VSL control, R No is the collision potential without control, T is the total travel time, Pi(t) is the collision likelihood in section i at time t, CL i (t) is the collision likelihood in link i at time t, L is the minimum collision likelihood for consideration, K is the number of time steps in simulation, N is the number of sections between consecutive loop detector stations, d i (t) is the number of vehicles in section i at time step t, and t is the length of time step in simulation. For more details with regard to the optimization of various control factors, please refer to [9] . 
